WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




PCT 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 6 ; 




(11) International Publication Number: - 


WO 98/14982 


H01J 49/04, 49/16 


A2 








(43) International Publication Date: 


9 April 1998 (09.04.98) 



(21) International Application Number: PCT/US97/ 17627 

(22) International Filing Date: 30 September 1997 (30.09.97) 



(30) Priority Data: 

08/724,210 



1 October 1996 (01.10.96) 



US 



(71) Applicant (for all designated States except US): GENETRACE 

SYSTEMS [US/US]; 333 Ravenswood Avenue, Menlo Park, 
CA 94025 (US). 

(72) Inventors; and 

(75) Inventors/Applicants (for US only): BECKER, Christopher, 
H. [US/US]; 106 Clover Lane, Menlo Park, CA 94025 
(US). YOUNG, Steven, E. [US/US]; 2455 Thaddeus Drive, 
Mountain View, CA 94043 (US). 

(74) Agent: SCOTT, Thomas, G.; Arnold, White & Durkee, P.O. 
Box 4433, Houston, TX 77210 (US). 



(81) Designated States: AL, AM, AT, AU, AZ, BA, BB, BG, BR, 
BY, CA, CH, CN, CU, CZ, DE, DK, EE, ES, EI, GB, GE, 
GH, HU, ID, IL, IS, JP, KE, KG, KP, KR, KZ, LC, LK, 
LR, LS, LT, LU, LV, MD, MG, MK, MN, MW, MX, NO, 
NZ, PL, PT, RO, RU, SD, SE, SG, SI, SK, SL, TJ, TM, TR, 
TT, UA, UG, US, UZ, VN, YU, ZW, ARIPO patent (GH, 
KE, LS, MW, SD, SZ, UG, ZW), Eurasian patent (AM, AZ, 
BY, KG, KZ, MD, RU, TJ, TM), European patent (AT, BE, 
CH, DE, DK, ES, FI, FR, GB, GR, IE, IT, LU, MC, NL, 
PT, SE), OAPI patent (BF, BJ, CF, CG, CI, CM, GA, GN, 
ML, MR, NE, SN, TD, TG). 



Published 

Without international search report and to be republished 
upon receipt of that report. 



(54) Title: MASS SPECTROMETER 
(57) Abstract 

The invention provides a mass spectrometer having im- 
proved mass resolution, accuracy, sensitivity, reduced complex- 
ity, lower cost, and greater ease of use. The mass spectrometer 
provided comprises a first electrode and a second electrode, in a 
nested configuration to create a two-stage acceleration region that 
accelerates ions across a minimized acceleration region, resulting 
in decreased metastable decay and improved mass accuracy and 
resolution. The mass spectrometer also comprises an alignment 
system to align the ion optics with the laser beam used for desorp- 
tion/ionization. The mass spectrometer further comprises electrical 
circuits for delivering high voltage pulses for pulsed delayed ion 
extraction. 





FOR THE PURPOSES OF INFORMATION ONLY 

Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



AL 


Albania 


ES 


Spain 


LS 


Lesotho 


SI 


Slovenia 


AM 


Armenia 


FI 


Finland 


LT 


Lithuania 


SK 


Slovakia 


AT 


Austria. 


FR 


France 


LU 


Luxembourg 


SN 


Senegal 


AU 


Australia 


GA 


Gabon 


LV 


Latvia 


SZ 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


BA 


Bosnia and Herzegovina 


GE 


Georgia 


MD 


Republic of Moldova 


TG 


Togo 


BB 


Barbados 


GH 


Ghana 


MG 


Madagascar 


TJ 


Tajikistan 


BE 


Belgium 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


Turkmenistan 


BF 


Burkina Faso 


GR 


Greece 




Republic of Macedonia 


TR 


Turkey 


BG 


Bulgaria 


HU 


Hungary 


ML 


Mali 


TT 


Trinidad and Tobago 


BJ 


Benin 


IE 


Ireland 


MN 


Mongolia 


UA 


Ukraine 


BR 


Brazil 


IL 


Israel 


MR 


Mauritania 


UG 


Uganda 


BY 


Belarus 


IS 


Iceland 


MW 


Malawi 


US 


United States of America 


CA 


Canada 


IT 


Italy 


MX 


Mexico 


uz 


Uzbekistan 


CF 


Central African Republic 


JP 


Japan 


NE 


Niger 


VN 


Viet Nam 


CG 


Congo 


KE 


Kenya 


NL 


Netherlands 


YU 


Yugoslavia 


CH 


Switzerland 


KG 


Kyrgyzstan 


NO 


Norway 


ZW 


Zimbabwe 


CI 


C6te d*Ivoire 


KP 


Democratic People's 


NZ 


New Zealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


China 


KR 


Republic of Korea 


PT 


Portugal 






cu 


Cuba 


KZ 


Kazakstan 


RO 


Romania 






cz 


Czech Republic 


LC 


Saint Lucia 


RU 


Russian Federation 






DE 


Germany 


LI 


Liechtenstein 


SD 


Sudan 






DK 


Denmark 


LK 


Sri Lanka 


SE 


Sweden 






EE 


Estonia 


LR 


Liberia 


SG 


Singapore 







WO 98/14982 



PCTAJS97/17627 



DESCRIPTION 
MASS SPECTROMETER 
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CROSS-REFERENCE TO RELATED APPLICATIONS 

This application is a continuation of U.S. Application Serial No. 08/724,210 filed 
10 October 1, 1996. 



INTRODUCTION 

Mass spectrometers are useful devices for detailed chemical analysis of samples and are 
commonly used in a number of fields, including the biochemical and biomedical arts, forensics, 

15 and chemistry. The sample may, for example, consist of proteins, polynucleotides, 

carbohydrates (biopolymers), or synthetic polymers embedded in a matrix or without a matrix. 
The sample may also include small organic and inorganic molecules. 

In a typical time-of-flight mass spectrometer, the sample is desorbed and ionized (often 
concomitantly) to produce an initial plume of ions. The ionization is accomplished by means of 

20 an ionizer, which may, for example, be a laser beam or an ion beam. Lons are extracted from 
this plume and accelerated in an electric field. Typically, they are then permitted to drift for a 
short time through a region of zero electric field before they strike an ion detector. The time of 
flight of the ions is measured from the time of their ionization to the time that they strike the ion 
detector, and this information is used to determine their identities. 

25 After passage through the electric field, each ion acquires a velocity inversely 

proportional to the square root of the ratio of the mass of the ion to the charge on the ion (m/z 
ratio ). This means that the time of flight is proportional to the square root of the m/z of each 
ion. By measuring the time of flight of each ion, the mass-to-charge ratio of each ion can be 
determined. A mass spectrum of the sample is generated from the intensity of detected ions as a 

30 function of time. 
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However, the ions desorbed by the ionizing beam may have nascent kinetic energy from 
trie desorption process itself. Because the initial velocity of an ion affects its time of flight, this 
nascent kinetic energy may adversely affect the accuracy, resolution, and sensitivity of the mass 
spectrometer. Identical ions having different nascent energies will move at different velocities, 
5 and thus have different time of flight values. This initial kinetic energy distribution of ions, 

which may be as high as 100 electron volts, degrades the accuracy, resolution, and sensitivity of 
the mass spectrometer and is responsible for relatively low mass resolution in prior art time-of- 
flight mass spectrometers. 

Metastable decay is believed to be another cause of low mass resolution in mass 

10 spectrometers. Metastable ions may break up, and if this fragmentation occurs during 

acceleration in the electric field, the fragments of the original ion will be accelerated to different 
velocities and have different times of flight. This results in energy spreads which degrade the 
resolution of the time-of-flight spectrum, and the fragments can appear as incoherent noise in 
the baseline of the mass spectrum. The problem of metastability may worsen where the sample 

15 ions are large, complex molecules, particularly if they are also fragile, such as polynucleotides. 
Furthermore, a significant number of neutral particles are generated by the 
desorption/ionization process. These neutral particles are not accelerated by the electric field, 
and thus do not contribute to the analysis of the sample. Nonetheless, the neutral particles may 
gain considerable nascent kinetic energy from the desorption process which is highly directed 

20 normal to the sample surface, and travel through the time-of-flight tube to bombard the ion 
detector. It is therefore desirable to reduce the neutral particle flux toward the ion detector in 
order to reduce noise and increase the life of the ion detector. 

Accordingly, there is a need for a mass spectrometer with increased accuracy, resolution, 
and sensitivity. The present invention provides for a novel apparatus which solves the above- 

25 mentioned problems and others. 



SUMMARY OF THE INVENTION 

The invention provides a mass spectrometer having improved mass resolution, accuracy, 
sensitivity, reduced complexity, lower cost, and greater ease of use. In an illustrative 
30 embodiment- an array of samples is placed on an x-y translation stage in the mass spectrometer 
underneath the ion optics. Two nested ion extraction electrodes are used, which create a two- 
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stage acceleration region. The funnel-shaped first electrode is substantially conical, with an 
aperture at its vertex for passage of the ions of the sample, and oriented with its vertex toward 
the sample. The second electrode is typically substantially tubular, but may also be conical, 
with a leading surface protruding into the interior volume of the first electrode at the non-vertex 
5 (base) end of the first electrode. 

The ion-extraction electrodes should be mounted in close proximity in order to make the 
acceleration region as short as possible. However, because they may be at different electrical 
potentials in operation, they should also be electrically isolated from each other. The electrodes 
of this invention may be provided with flat mounting surfaces at their peripheries, which may be 

10 accomplished by welding the electrodes to mounting plates having holes in them for the 

electrodes. The electrodes with their mounting plates are then supported by rods made from 
alumina or other suitable nonconductive material. A vacuum is created inside the mass 
spectrometer, and this vacuum acts as a dielectric between the two electrodes. 

The first acceleration region is between the sample, which ideally has a quasi-planar 

15 surface, and the first electrode. The second acceleration region is between the inner surface of 
the first electrode and the leading surface of the second electrode. In a preferred embodiment, a 
first power source may be used to apply a large DC bias voltage to both the sample and the first 
electrode, while a second power source is capacitively coupled to the sample to provide a 
voltage pulse. The second electrode is held at ground. As will be described in further detail, 

20 only two power supplies are used and need not be electrically isolated from ground ("floated"). 

The time-of-flight (TOF) tube may be placed at a slight angle to the initial (undeflected) 
path of the ions through the ion optics, such that there is no line-of-sight from the sample to the 
ion detector. Horizontal deflecting plates are placed along the path of the ions in a post- 
acceleration region free of accelerating electric fields to deflect the ion beam path to follow the 

25 TOF tube. 

Also provided is an alignment system for aligning the ion optics with the laser beam 
used for desorption/ionization. A small tube is attached to the side of the TOF tube at a slight 
angle. The small tube has its axis along the line-of-sight through the ion optics to the sample. 
The small tube has an alignment light placed such that it shines through the small tube, TOF 
30 tube, the ion optics, and through the aperture in the conical first electrode to project a disc of 
light onto the sample. The lasing apparatus, which typically includes an adjustable steering 
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mirror, may be adjusted to bring the laser beam into alignment by centering the laser beam 
within the disc of light on the sample under the ion optics. 

In operation, the first power source typically supplies a DC bias to both the sample stage 
and the first electrode while the second electrode is held at ground. A laser beam is used to 
5 desorb and ionize the sample. After a predetermined delay after the laser beam strikes the 

sample, a high voltage pulse is capacitively coupled to the sample on top of the DC bias. In an 
alternative embodiment, the high voltage pulse could be applied to the first electrode rather than 
the sample. 

The ions are accelerated by the electric fields created by the nested ion extraction 
10 electrodes and passed through an Einzel lens to focus the ions. A deflecting voltage is applied 
to the horizontal deflecting plates, and the resulting electric field deflects the ions to follow the 
angled TOF tube. This electric field does not deflect the neutral particle flux to the ion detector, 
and thus the ion detector is relatively protected from neutral blast. The ions are allowed to drift 
in a zero electric field region along the time-of-flight tube until they reach an ion detector, which 
1 5 detects the impact of the ions. The mass-to-charge (m/z) ratios of the ions are calculated from 
their times of flight. 

The invention finds particular application in, but is not limited to, time-of-flight mass 
spectrometers using matrix-assisted laser desorption/ionization. For example, ionization may 
also be accomplished by another ionizer which uses electrons or ions impacting the surface, 

20 electrospray ionization, or photoionization or electron impact ionization above the surface. 

A primary advantage of the invention is that the mass resolution of the mass 
spectrometer is improved, due to minimization of the effect of nascent kinetic energy, and 
higher total acceleration over a shorter time interval (shorter distance) which minimizes the 
effect of metastable decay. 

25 Another advantage of the invention is that only two power supplies are needed for ion 

acceleration, and the pulsing voltage supply does not need to be floated, which is of particular 
advantage when using the extremely high voltages required in this application. Nor is it 
necessary to generate a very large voltage pulse corresponding to the absolute voltage attained 
for ion acceleration. The complexity and cost of the apparatus are thus significantly reduced. 
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Still another advantage of the invention is that neutral particle flux to the ion detector is 
reduced, resulting in lower background noise, improved resolution, and increased service life of 
the detector. 

Yet another advantage of the invention is that the laser beam or other ionizer used for 
5 ionization may be rapidly and easily aligned with the aperture of the ion optics, reducing the 
downtime required for alignment and simplifying the process. 

A further advantage of the invention is that the lack of exposed surface area normal to 
the ion flux from the sample and reduced surface area resulting from the conical shape of the 
first electrode reduces deposition from desorbed material, and facilitates entry of the ionizing 
1 0 source (laser beam) at a nonglancing angle of incidence (/. e. , greater than 25°) with respect to 
the surface of the sample. 

These advantages and further details of the present invention will become apparent to 
one skilled in the art from the following detailed description and accompanying drawings. 



15 



BRIEF DESCRIPTION OF THE DRAWINGS 



20 



In the accompanying drawings: 

FIG, IA is a front view of a mass spectrometer in accordance with the invention; 
FIG. IB is a side view of the mass spectrometer of FIG. 1A; 

FIG. 1C is a magnified cut-away view of a portion of the mass spectrometer of FIG. IB; 
FIG. 2A is a bottom view, from the perspective of the sample, of the ion optics in 



accordance with the invention; 

FIG. 2B is a bottom view, from the perspective of the sample, of an alternative 



embodiment of the ion optics; 

FIG. 3A is a sectional view along line 3a-3a of the ion optics in accordance with the 



25 



invention; 

FIG. 3B is a sectional view along line 3b-3b of the alternative embodiment of the ion 



optics; 

FIG. 4 is a schematic of a prior art electrical circuit; 

FIG. 5 is a schematic of an electrical circuit in accordance with the invention; 



30 



FIG. 6 is a schematic of another electrical circuit in accordance with the invention; 
FIG. 7 is a schematic of a further electrical circuit in accordance with the invention; and 
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FIG. 8A and FIG. 8B are graphs indicating sample pulses which may be used in 
accordance with the invention. 



DESCRIPTION OF SPECIFIC EMBODIMENTS 

5 A time-of-flight (TOF) mass spectrometer in accordance with the invention is shown in 

FIG. 1A, FIG. IB, and FIG. 1C. As will be apparent from the description below, the mass 
spectrometer 10 has several features which increase its resolution, reduce cost, and improve its 
ease of use. For purposes of exemplification and not limitation, the invention will be described 
with reference to its application in Matrix-Assisted Laser Desorption and Ionization (MALDI), 

1 0 although it may be used in conjunction with other mass spectrometer techniques. 

The TOF mass spectrometer 10 comprises a main chamber 11, a TOF tube 12, a lasing 
apparatus 18, an x-y translation stage 14, ion optics 20, and an ion detector 19 placed in the top 
portion of the TOF tube 12. Main chamber 11 and TOF tube 12 form a vacuum chamber, which 
is pumped by various means to about 10" 5 to 10~ 9 torr, preferably from about 10~ 7 to 10" 9 torr. 

15 The sample 16 being analyzed, along with other samples 17, is supported on a sample holder 15 
which is electrically isolated from the x-y translation stage 14 by ceramic standoffs 13. For 
illustration purposes, the sizes of the samples 16 and 17 have been exaggerated in FIG. 1 A and 
FIG. 1C though they would ordinarily be too small to be seen at this scale. 

The lasing apparatus, which preferably includes a frequency-tripled or frequency- 

20 quadrupled Nd:YAG laser producing sub-20 ns pulses at 355 nm or 266 nm with at least a few 
hundred microjoules of energy per pulse, is operated to produce a laser beam which desorbs and 
ionizes part of the sample 16. A steering mirror (not shown) directs the light through a window 
• on a vacuum flange 8 toward the sample 16. 

Ions are extracted from the ion plume created by the laser beam, and the ions are focused 

25 and accelerated through the TOF tube 12 to strike the ion detector 19, which senses their 

presence and produces a signal corresponding to the mass spectrum of the sample 16. The TOF 
tube 12 is placed at an angle to the initial, undeflected path of the ions. The angulation of the 
TOF tube 12 may range from 3 to 10 degrees from the path of the ions through the ion optics, 
and is preferably 4° or 5°. Typically, the sample 16 is placed with its surface orthogonal to the 

30 axis of the ion optics, and thus, the angulation of the TOF tube 12 is preferably 4° or 5° from the 
line perpendicular to the sample 16. 
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Elements of the Apparatus 
1. Ion Optics 

5 Details of the ion optics 20, particularly the funnel-shaped first electrode 22 and the 

cylindrical second electrode 32, may be seen by reference to FIG. 2A, FIG. 2B, FIG. 3A, and 
FIG. 3B. In the preferred embodiment, the first electrode 22 has a conical shape with a 4 mm 
aperture 24 at its vertex, and is mounted at a proximal end 26 of the ion optics closest to the 
sample 16 on the sample holder 15. The conical first electrode 22 is provided with a mounting 

10 flange 28 at its periphery, which may be accomplished by welding or otherwise affixing the 

conical electrode 22 to a mounting plate having a circular opening for the cone. The mounting 
flange 28 is secured to four supporting rods 30, which are made from an insulating material, 
typically a ceramic such as alumina or glass. The conical electrode 22 is oriented with its 
aperture 24 closest to the sample 16, at a distance of approximately 5 mm, and is typically made 

1 5 from a metal such as stainless steeL The distance between the aperture 24 and the sample 16 
may range from 3 mm to 7 mm, and is influenced by two considerations: 1) it is desirable to 
accelerate the ions over as small an interval as possible, to reduce the possibility of metastable 
decay of ions under acceleration; and 2) a smaller gap increases the likelihood of arcing, 
particularly at the high voltages present in this apparatus. 

20 The second electrode 32 is cylindrically shaped, and like the first electrode 22, has a 

mounting flange 34. The mounting flange 34 of the second electrode 32 is secured to the four 
supporting rods 30 at a minimum distance of approximately 0.35" (approximately 9 mm) from 
the first electrode mounting flange 28. The second electrode 32 is placed with its proximal end 
36 oriented toward the sample 16 and protruding into the interior volume 38 of the first 

25 electrode 22 such that the distance from the proximal end 36 of the second electrode 32 to the 
aperture 24 of the first electrode 22 is approximately 5 mm. This distance may range from 2 
mm to 7 mm, and is subject to the same considerations as the distance between the aperture 24 
and the sample 16. 

The second electrode 32 may be conical or another shape. Preferably, the second 
30 electrode 32 is configured such that no part of the second electrode 32 is closer to the first 
electrode 22 than the proximal end 36 of the second electrode. 
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It is preferable to smooth the edges of the second electrode 32 to reduce the possibility of 
arcing between the first and second electrodes 22 and 32. and also to smooth the edges of the 
first electrode 22 to reduce arcing between the first electrode 22 and the sample 16. As may be 
seen from the figure, placement of the mounting flange 34 at the distal end of the second 
5 electrode 32 maximizes the distance between this mounting flange 34 and the first electrode 
mounting flange 28. 

In an alternative embodiment, as illustrated in FIG. 2B and FIG. 3B, the first electrode 
22, the Einzel lens 40, and deflector plates 46 and 48 may be mounted on one set of supporting 
rods 30 while the second electrode 32 and other elements in the ion optics 20 are mounted on a 

10 different set of support rods 31 as shown in FIG. 2B and FIG. 3B. This configuration further 
reduces the possibility of arcing. 

To reduce the possibility of arcing still further, particularly when higher voltages and 
extraction fields are being used, a three-stage acceleration region may be created by means of a 
third nested electrode placed distal to the second electrode 32. The third electrode may have a 

1 5 tubular, conical, or other shape. Preferably, the third electrode is configured such that no part of 
the third electrode is closer to the second electrode 32 than the proximal end of the third 
electrode. This configuration has the advantage of reducing the change in potential per pair of 
electrodes. It will be apparent to one of ordinary skill in the an that this configuration is 
scaleable to four or more acceleration regions. 

20 Referring to FIG. 3 A, placed distal to the second electrode 32 is an Einzel lens 40 for 

focusing the ion flux, and grounded elements 42 and 44. As with the two ion extraction 
electrodes 22 and 32, these elements 42 and 44 are mounted to the supporting rods 30. Finally, 
deflector plates 46 and 48 are located distal to the grounded elements 42 and 44. Application of 
voltage to these plates, typically between 0 and 3 kV, causes the ion flux to be deflected. 

25 As has been described above, the two ion extraction electrodes 22 and 32 are nested and 

in close proximity to each other. Placing the sample 16 and sample holder 15, and the two 
electrodes 22 and 32 at different potentials creates a two-stage acceleration region. As described 
above, the x-y translation stage 14 is electrically isolated from the sample holder 15 by ceramic 
standoffs 13. The first acceleration region is between the sample 16, which ideally has a quasi- 

30 planar surface, and the first electrode 22. The second acceleration region is between the aperture 
24 of the first electrode 22 and the leading surface 33 of the second electrode 32. 
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In operation, the sample 16 and the first electrode 22 are driven by a DC bias voltage of 
18 kV, while the second electrode 32 is held at ground. The DC bias voltage may range from 10 
kV to 30 kV. The lasing apparatus 18 delivers an ionizing pulse to the sample 16 to desorb and 
ionize it. An ion plume develops, and after a short delay after the ionizing pulse, a voltage pulse 
5 of 10 kV is applied to the sample 16, causing the sample 16, first electrode 22, and second 
electrode 32 to be at different potentials. The delay ranges from 50 ns to 1000 ns, and is 
typically chosen according to the principal mass range of interest. The voltage pulse may range 
from 3 kV to 30 kV. When the voltage pulse is applied, the total potential difference from the 
sample 16 to the second electrode 32 is then 28 kV. Thus, a two-stage acceleration region is 

10 created, and the ions are accelerated to a speed determined by their mass-to-charge ratio. It will 
be readily apparent to one skilled in the art that variations of the preferred embodiments 
disclosed herein are within the scope of the present invention. 

This pulsed delayed ion extraction compensates for the nascent kinetic energy of the 
desorbed ions. A detailed description of pulsed delayed ion extraction (also called "time lag 

15 energy focusing") may be gleaned by reference to Wiley and McLaren (1955), hereby 
incorporated by reference. 

It is desirable to accelerate the ions as quickly as possible, particularly for mass 
spectrometry analysis of large molecules with high mass-to-charge ratios. This is due to 
metastability of the large ionized molecules of the sample 16. If the metastable ions fragment 

20 during acceleration in the electric field regions of the ion optics, they are accelerated to different 
speeds and thus have different flight times which are often not consistent with the characteristics 
of the fragments themselves. The fragmented ions generally appear as incoherent noise in the 
mass spectrum's baseline or as broadened peaks, thereby degrading the resolution and sensitivity 
of the time-of-flight spectrum. However, if any metastable ions survive long enough to be 

25 accelerated out of the acceleration region, they will appear at the same flight time as stable ions 
even if the metastable ions fragment in the zero electric field region. 

To mitigate the effects of metastability, the electric field must be as strong as possible. 
This requires placing a large potential across a small distance. However, for sufficiently large 
voltages and small distances, arcing may occur. These conflicting parameters are balanced by 

30 the structures disclosed above. The small distance between the first electrode 22 and second 
electrodes 32 near its leading surface 33 minimizes the length of the second stage of the two- 
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stage acceleration region and thus increases electric field strength in this second acceleration 
region. Thus, higher acceleration of ions over a shorter distance is achieved. At the same time, 
the distance between the second electrode 32 and the first electrode 22 is maximized at other 
areas. This is particularly important at their respective mounting flanges 28 and 34 because 
5 alumina is a poorer dielectric than the vacuum that exists (since the ion optics 20 are in a 

vacuum chamber) in the second acceleration region between the first and second electrodes 22 
and 32. 

The use of a conical first electrode 22 and cylindrical second electrode 32 achieves the 
goals of maximizing acceleration over a short gap and avoiding voltage breakdown (arcing). It 

10 will be apparent to one skilled in the art, however, that other configurations may be used, in 

which the distance between the first and second electrodes at their proximal ends is minimized 
relative to any other distance between the first and second electrodes. For example, a second 
conical electrode may be nested within the first conical electrode, wherein the second conical 
electrode is more steeply sloped (has a smaller angle at its vertex) than the first. 

1 5 Use of a conical first electrode 22 facilitates nesting of the electrodes to minimize the 

length of the second acceleration region relative to the distance between the mounted end of the 
electrodes. In addition, the conical shape of the first electrode 22 allows the laser light from the 
lasing apparatus 18 to impinge on the sample 16 while causing the angle of incidence to be 
relatively close to normal to the surface of the sample 16. In the preferred embodiment, the 

20 angle of incidence of the laser beam is 45 to 50 degrees from normal incidence to the sample 16. 
Alternatively, the laser beam may be passed collinear with the alignment light beam down the 
alignment tube 90 with the use of an optical beam splitter (not shown). 

The conical shape of the first electrode 22, with no exposed surfaces square to the ion 
flux from the sample 16, presents a relatively reduced cross-sectional area to the sample 16, thus 

25 reducing the rate of material deposition (from the desorbed sample 16) on the surface of the 
electrode 22. Finally, the capacitance between the first electrode 22 and the sample 16 is 
reduced, resulting in improved pulse shape and amplitude, thereby improving mass resolution. 



30 



2. Electrical Circuits and Power Sources 

As described above, operation of this apparatus requires very high voltages. Typical 
pulse voltages range from 3 k V to 30 kV with rise times below 1 00 ns and preferably below 50 
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ns. In the preferred embodiment, the pulse voltage is 10 kV, with a rise time of approximately 
50 ns. FIG. 4 is a schematic of a typical prior art electrical circuit for delivering high voltage 
pulses. 

As shown in FIG. 4, a constant high voltage of, for example, 20 to 30 kV, is applied to 
5 the ion source (which is the sample 16, in the preferred embodiment) from a constant high 

voltage power supply 60 connected to the sample holder 15. When the switch 52 is closed, the 
additional voltage of the pulsing supply 50 is added to the constant high voltage. This design 
requires a bulky high voltage isolation transformer (not shown) for the pulsing supply 50, and 
the switch 52 floats (is electrically isolated) at approximately 30 kV above ground, requiring 
1 0 special electrical isolation for triggering each pulse. 

Examples of electrical circuits are given in Vestal et al. (1995) and Brown and Lerrnon, 
(1995). The Vestal apparatus requires three power supplies, and though none of them must be 
floated, the switch must float at up to 30 kV. The Brown apparatus uses only two power 
supplies, but one of them must be floated, requiring isolation as described above. Both the 
15 Vestal apparatus and the Brown apparatus are more costly to implement, and require more 
space. 

The present invention provides significant advantages over the prior art. In accordance 

with the invention, FIG. 5 illustrates an electrical circuit for delivering high voltage pulses for 

pulsed delayed ion extraction. Only two power supplies are required, and electrical isolation 
20 from ground is not necessary. In the simple form shown in FIG. 5, the pulse power supply 62 is 

coupled to the source through a capacitor 64. A constant high voltage power supply 60 delivers 

a constant 20 kV to 30 kV DC bias to the source. 

Closing the switch 66, which is preferably a Behlke high voltage switch but can be any 

high voltage switch capable of switching the voltages present in the invention, causes the 
25 voltage from the pulse power supply 62 to be placed across the bias (or "pull-down") resistor 68, 

and coupled through the coupling capacitor 64 to the source, where it is superimposed on the 

high voltage supplied by the constant high voltage power supply 60. 

When the switch 66 is opened, the bias resistor 68 brings the pulse power supply side of 

the coupling capacitor 64 back to ground, with an RC time constant determined by the 
30 capacitance of the coupling capacitor 64 and the resistance of the bias resistor 68. The pulse 

power supply 62 is at ground reference, and the switch 66 can accept voltage differences of 8 kV 
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to 30 kV, which is commercially feasible. The high voltage supply isolation resistor 70 
effectively isolates the high voltage power supply from the voltage pulse. Alternatively, a high- 
speed, high-voltage diode could be substituted for the isolation resistor 70. 

Another embodiment of the electrical circuit in accordance with the invention is shown 
5 in FIG. 6. A shunt diode 72 is placed across the bias resistor 68, and an energy storage capacitor 
74 is placed across the pulse power supply 62. The addition of the shunt diode 72 protects the 
switch 66 against reverse voltages in the event of a short to ground in the source, while the 
energy storage capacitor 74 permits longer ON times (> I0\xs) for each pulse with little voltage 
droop. Further, in this figure, the solid state switch 66 is shown with a TTL (trans istor-to- 

1 0 transistor logic) input. 

FIG. 7 illustrates a further embodiment of the electrical circuit in accordance with the 
invention. An energy storage capacitor 74 is charged by the pulse power supply 62 through the 
pulse power supply isolation resistor 76. while the coupling capacitor 64 transfers the voltage 
pulse to the high voltage bias on the ion source. A matching resistor 78 is placed between the 

15 coupling capacitor 64 and the ion source, and load resistors 80 and 82 are placed inline with the 
TTL-controlled switch 66. Zener diodes 84 and 86 are placed across the switch 66 and between 
the load side of the switch 66 and ground. The constant high voltage power supply isolation 
resistor 70 effectively isolates the voltage pulse from the constant high voltage supply 60. The 
two load resistors 80 and 82 limit the current through the switch 66 to a value below its peak 

20 current rating, while the matching resistor 78 is chosen to minimize ringing or overshoot. The 
pulse power supply isolation resistor 76 is chosen to control recharging of the energy storage 
capacitor 74 between pulses without overloading the pulse power supply 62. Finally, the 
"Transorb" voltage protection diodes 84 and 86 protect the switch 66 against any transients 
resulting from a short in the ion source. 

25 In the embodiment of FIG. 7, when a control pulse closes the switch 66, the voltage 

across the energy storage capacitor 74 is added to the pulse power supply side of the coupling 
capacitor 64 through the load resistors 80 and 82. When the switch 66 opens, the pulse power 
supply side of the coupling capacitor 64 is brought back to ground by the bias resistor 68. 

In the preferred embodiment, the constant high voltage power supply 60 produces 18 

30 kV. but may also produce 10 kV to 30 kV. The capacitance of the coupling capacitor 64 is 20 to 
50 times the source capacitance, and is 470 pF with a rating of 40 kV. The capacitance of the 
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energy storage capacitor 74 is preferably 20 times the capacitance of the coupling capacitor 64 ; 
and is 0.2 up with a voltage rating greater than that of the pulse power supply 62. The bias 
resistor 68, at 100 kQ, is chosen to be large enough not to impose a significant load on the 
energy storage capacitor 74, but small enough to discharge the coupling capacitor 64 in less than 
5 50 us. The constant high voltage power supply isolation resistor 70 is 1 to 10 MQ, while the 
pulse power supply isolation resistor 76 is 100 kQ. The matching resistor 78 is 20 to 200 Q, 
while the voltage protection diodes 84 and 86 are 7,900 V transient suppression diodes that, in 
conjunction with the load resistor 82 and the shunt diode 72, serve to protect the switch 66 from 
reverse voltages in the event of a short to ground in the ion source. The shunt diode 72 is 

10 selected for fast turn-on. The load resistors 80 and 82 are 240 Q and 47 Q, respectively, to limit 
the peak current through the switch 66. The switch 66 can be any commercial high voltage 
switch that can handle at least 8 kV and has a switching time of around 20 ns. In this 
embodiment, the switch 66 is a Behlke HTS 81. 

By changing the capacitance of the coupling capacitor 64 or the resistance of the bias 

15 resistor 68, the shape of the pulse may be altered. Examples of possible pulse shapes are given 
in FIG. 8A and FIG. 8B. 

3. TOF Tube and Alignment System 

The process of desorbing and ionizing molecules of the sample 16 results in the 
20 production of neutral atoms and molecules, either from the desorption process or from 
neutralization of ions in close proximity to the sample. These neutral particles are not 
accelerated by the electric fields in the mass spectrometer 10 and thus do not provide useful data 
for the TOF spectral analysis. On the other hand, the neutral particles increase background 
noise and reduce the useful life of the ion detector. It is therefore desirable to reduce the neutral 
25 particle flux (also referred to as "neutral blast") toward the ion detector. 

Referring to FIG. 1A ? FIG. IB. and FIG. 1C, the TOF tube 12 is placed at an angle to the 
initial path of the ions exiting the ion optics 20, so that there is no direct path from the sample 
16 to the ion detector. In the preferred embodiment, the TOF tube 12 is angled at 4° or 5° from 
the path of the ion beam through the ion optics 20, although a range of 3° to 10° may be used. 
30 As shown in FIG. 3. deflecting plates 46 and 48 are placed along the path of the beam. When 
voltage is applied to the deflecting plates 46 and 48, they generate an electric field which 
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deflects the ion beam to follow the angled TOF tube 12. The neutral particle flux, however, is 
not deflected by the deflecting field and as a result, the ion detector is relatively protected from 
the neutral blast. The ion beam path may be offset from the axis of the TOF tube 12. 

In an alternative embodiment, the TOF tube 12 may be placed with its axis parallel to, 
5 but not collinear with, the path of the ions exiting the ion optics 20, so that there is no direct 
path from the sample 16 to the ion detector. Additional deflecting plates, similar to deflecting 
plates 46 and 48, may be used to guide the ion flux along the TOF tube 12. Thus, one set of 
deflecting plates would deflect the ion beam along a path at an angle to the initial path of the 
ions, and the other set of deflecting plates would deflect the deflected ion beam along a path 

10 parallel to, but offset from, the initial path of the ions. 

The apparatus further includes an alignment system for aligning the ion optics 20 with 
the laser beam used for desorption/ionization. A small alignment tube 90 is attached to the TOF 
tube 12 with its axis along the path of the ion beam through the ion optics 20. An alignment 
light 92 is placed such that it shines down the tube 90 and through the aperture 24 in the conical 

15 first electrode 22 to project a 4 mm disc of light onto the sample 16. In the preferred 
embodiment, the alignment light 92 produces incoherent visible light, and may be an 
incandescent light. The preferred alignment light 92 is a tungsten bulb with a projection lens 
from a commercial microscope illuminator, made by Leica. The lasing apparatus 18. which 
typically includes an adjustable steering mirror, is adjusted to bring the laser beam into 

20 alignment within the center of the disc of light. A fluorescent material, such as a MALDI 

matrix, will fluoresce when an ultraviolet laser beam impinges on the sample 16, enabling the 
operator to center the laser beam within the light circle using the steering mirror. Alternatively, 
a sighting apparatus using visible light may be used to indicate the aiming of the laser or other 
ionizing beam. 

25 All publications and patent applications mentioned in this specification are herein 

incorporated by reference to the same extent as if each individual publication or patent 
application was specifically and individually indicated to be incorporated by reference. 

The invention now being fully described, it will be apparent to one of ordinary skill in 
the art that many changes and modifications can be made thereto without departing from the 

30 spirit or scope of the appended claims. 
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Although the present invention has been described above in terms of specific 
embodiments, it is anticipated that alterations and modifications to this invention will no doubt 
become apparent to those skilled in the art. For example, the switch in the pulse electrical 
circuit may be ground referenced and used in conjunction with a negative voltage from the pulse 
5 power supply. Additionally, although the invention has been described for use in conjunction 
with laser desorption and ionization, other methods of desorption and ionization may be used, 
such as electron impact ionization or an ion gun. It is therefore intended that the following 
claims be interpreted as covering all such alterations and modifications as fall within the true 
spirit and scope of the invention. 
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CLAIMS 

1 . A mass spectrometer for analyzing a sample, comprising: 

a) a first electrode which has a funnel shape; and 

b) a second electrode, having a substantially tubular shape, placed adjacent to the 

5 first electrode and arranged in conjunction with the first electrode such that a 

flow of ions of the sample may pass through the first and second electrodes. 

2. The mass spectrometer of claim 1, wherein the first electrode is located between 2 and 7 
mm from the second electrode. 

10 

3. The mass spectrometer of claim 2, wherein the first electrode is located approximately 5 
mm from the second electrode. 

4. The mass spectrometer of claim 1, further comprising a time-of- flight tube. 

15 

5. The mass spectrometer of claim 4, further comprising a first electrode support and a 
second electrode support, the first electrode being mounted to the first electrode support and the 
second electrode being mounted to the second electrode support. 

20 6. The mass spectrometer of claim 4, wherein the second electrode protrudes into an 
interior volume of the first electrode. 



7. The mass spectrometer of claim 6, wherein an end of the second electrode protrudes into 
a wide opening of the first electrode. 

25 

8. The mass spectrometer of claim 7 ? wherein an axis of the first electrode is aligned with 
an axis of the second electrode. 

9. The mass spectrometer of claim 8, wherein the time-of-flight tube has an axis divergent 
30 from the flow of ions through the first and second electrodes. 





WO 98/14982 



PCTYUS97/17627 



-18- 



10 



15 



20 



25 



10. The mass spectrometer of claim 9. wherein the axis of the time-of-flight tube defines an 
acute angle with the axis of the second electrode. 

1 1. The mass spectrometer of claim 10, wherein the time-of-flight tube defines an angle 
between 3° and 10° with the axis of the second electrode. 

12. The mass spectrometer of claim 1 1 , wherein the time-of-flight tube defines an angle of 
approximately 5° with the axis of the second electrode. 

13. The mass spectrometer of claim 8, wherein the time-of-flight tube has a longitudinal axis 
defining a deflected path with an acute angle between the deflected path and the flow of ions 
through the first and second electrodes. 

14. The mass spectrometer of claim 13, further comprising a deflector configured to deflect 
the flow of ions along the deflected path. 

15. The mass spectrometer of claim 14, further comprising a first insulating member and a 
second insulating member, the first electrode being mounted to the first insulating member and 
the second electrode being mounted to the second insulating member, 

16. The mass spectrometer of claim 14, further comprising an ionizer configured to produce 
ions of the sample. 

17. The mass spectrometer of claim 16, wherein the ionizer is a laser. 

18. A mass spectrometer configured to analyze a sample, comprising: 

a) an ionizer configured to produce ions of the sample; 

b) a first electrode having a conical shape: 

c) a second electrode, placed with a proximal end protruding into an interior volume 



of the first electrode, shaped such that a distance between the proximal end of 
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the second electrode and the first electrode is smaller than a distance between 
any other part of the second electrode and the first electrode. 

1 9. The mass spectrometer of claim 1 8, wherein the distance between the proximal end of 
5 the second electrode and the first electrode is between 2 and 7 mm. 

20. The mass spectrometer of claim 19, wherein the distance between the proximal end of 
the second electrode and the first electrode is approximately 5 mm. 

10 21. The mass spectrometer of claim 18, wherein the first and second electrodes are 
configured to define a path along which the ions may flow. 

22. The mass spectrometer of claim 21, wherein an end of the second electrode protrudes 
into an aperture at a base of the first electrode. 

15 

23. The mass spectrometer of claim 22, wherein the second electrode is axially aligned with 
the first electrode. 

24. The mass spectrometer of claim 23, wherein the first and second electrodes are spaced 
20 apart by different insulating members. 

25. The mass spectrometer of claim 23, wherein the first and second electrodes are spaced 
apart by at least one electrically insulating member. 

25 26. The mass spectrometer of claim 25, further comprising a time-of-flight tube. 

27, The mass spectrometer of claim 26, wherein the time-of-flight tube has a longitudinal 
axis defining a deflected path with an acute angle between the deflected path and the path of the 
flow of ions through the first and second electrodes. 

30 




WO 98/14982 PCT/US97/17627 

-20- 

28. The mass spectrometer of claim 27, further comprising a deflector configured to deflect 
the flow of ions along the deflected path. 

29. The mass spectrometer of claim 28, wherein the second electrode has a conical shape. 

30. The mass spectrometer of claim 27, further comprising an alignment system configured 
to facilitate alignment of the first electrode with an ionizing beam produced by the ionizer. 



3 1 . The mass spectrometer of claim 30, wherein the alignment system includes an aligning 
1 0 tube having a longitudinal axis along the path of the flow of ions through the first and second 
electrodes. 



32. The mass spectrometer of claim 31, wherein the alignment system further includes an 
illuminator configured to shine light through the aligning tube and through the first electrode. 

15 

33. The mass spectrometer of claim 32, wherein the alignment system further includes a 
steering mirror adjustable to align the ionizing beam with the light on the sample. 

34. The mass spectrometer of claim 33, wherein the ionizer is a laser. 

20 

35. The mass spectrometer of claim 34, further comprising a capacitor configured to 
capacitively couple a pulse power supply to at least one of the sample, the first electrode, and 
the second electrode. 



25 36. The mass spectrometer of claim 33, further comprising: 

a switch having a source side in communication with the pulse power supply and a load 
side in communication with the coupling capacitor, the switch being configured 
to couple the pulse power supply to the coupling capacitor when the switch is 
closed; 

30 a bias resistor connected to the load side of the switch and through which the pulse 

power supply is connected to ground when the switch is closed; and 




WO 98/14982 PCTYUS97/17627 

-21- 

a constant voltage supply which is coupled, through a constant voltage supply isolation 
resistor, to at least one of the sample, the first electrode, and the second electrode, 
the constant voltage supply isolation resistor being configured to limit pulse 
power supply current toward the constant voltage supply. 

5 

37. The mass spectrometer of claim 36, further comprising: 

an energy storage capacitor placed across the pulse power supply; 

a shunt diode placed across the bias resistor, the shunt diode being configured to protect 

the switch against reverse voltages; 
10 a pulse power supply isolation resistor which connects the pulse power supply and the 

energy storage capacitor, and is configured to limit current from the pulse power 

supply; 

a first load resistor, which couples the pulse power supply isolation resistor to the source 
side of the switch; 

15 a first Zener diode coupling the load side of the switch to the source side of the switch; 

a second Zener diode coupling ground to the load side of the switch; 

a second load resistor, which couples the load side of the switch to the shunt diode, bias 
resistor, and coupling capacitor; and 

a matching resistor, which connects the coupling capacitor to the mass spectrometer and 
20 to the constant high voltage supply isolation resistor. 

38. The mass spectrometer of claim 25, further comprising a capacitor configured to 
capacitively couple a power supply to at least one of the sample, the first electrode, and the 
second electrode. 

25 

39. The mass spectrometer of claim 38, further comprising a switch configured to couple the 
power supply to the capacitor. 

40. The mass spectrometer of claim 39, further comprising a bias resistor coupling the 

30 switch to ground and through which the power supply is connected to ground when the switch is 
closed. 
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4 1 . The mass spectrometer of claim 40, further comprising a constant voltage supply 
configured to supply a constant voltage through a constant voltage supply isolation resistor to at 
least one of the sample, the first electrode, and the second electrode, to which the power supply 

5 is capacitively coupled through the capacitor. 

42. A time-of-flight mass spectrometer, comprising: 

(a) ion optics defining a path for a flow of ions of a sample; 

(b) a time-of-flight tube having a longitudinal axis which defines a deflected path with 
10 an acute angle between the deflected path and the path of the flow of ions 

through the ion optics; and 

(c) an alignment system configured to facilitate alignment of an ionizing beam with the 

ion optics. 

15 43. The mass spectrometer of claim 42, wherein the alignment system comprises an aligning 
tube axially aligned with the path of the flow of ions through the ion optics. 

44. The mass spectrometer of claim 43, wherein the aligning tube is affixed to the time-of- 
flight tube. 

20 

45. The mass spectrometer of claim 43, wherein the alignment system further comprises an 
illuminator configured to shine light through the aligning tube and the ion optics onto the 
sample. 

25 46. The mass spectrometer of claim 45, further comprising a steering mirror adjustable to 
align the ionizing beam with the light on the sample. 

47. The mass spectrometer of claim 46, further comprising an ionizer configured to produce 
the ionizing beam. 

30 



48. 



The mass spectrometer of claim 47, wherein the ionizer is a laser. 
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49. An article of manufacture, comprising: 

a) a mass spectrometer; and 

b) a coupling capacitor configured to capacitively couple a pulse power supply to 

the mass spectrometer. 

50. The article of manufacture of claim 49, wherein the mass spectrometer is a time-of-flight 
mass spectrometer configured for pulsed delayed ion extraction. 

5 1 . The article of manufacture of claim 50, further comprising a switch having a source side 
in communication with the pulse power supply and a load side in communication with the 
coupling capacitor, the switch being configured to couple the pulse power supply to the 
coupling capacitor when the switch is closed. 

52. The article of manufacture of claim 51, further comprising a bias resistor connected to 
the load side of the switch and through which the pulse power supply is connected to ground 
when the switch is closed. 

53. The article of manufacture of claim 52, further comprising a constant voltage supply 
which is coupled, through a constant voltage supply isolation resistor, to the mass spectrometer 
together with the capacitively coupled pulse power supply, the constant voltage supply isolation 
resistor being configured to limit pulse power supply current toward the constant voltage supply. 

54. The article of manufacture of claim 53, further comprising an energy storage capacitor 
placed across the pulse power supply and a shunt diode placed across the bias resistor, the shunt 
diode being configured to protect the switch against reverse voltages in the mass spectrometer. 

55. The article of manufacture of claim 54. further comprising: 

a) a pulse power supply isolation resistor which connects the pulse power supply 
and the energy storage capacitor, and is configured to limit current from the 
pulse power supply; 



10 



25 
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b) a first load resistor, which couples the pulse power supply isolation resistor to the 

source side of the switch; 

c) a first Zener diode coupling the load side of the switch to the source side of the 

switch; 

d) a second Zener diode coupling ground to the load side of the switch; 

e) a second load resistor, which couples the load side of the switch to the shunt 

diode, bias resistor, and coupling capacitor; and 
0 a matching resistor, which connects the coupling capacitor to the mass 

spectrometer and to the constant high voltage supply isolation resistor. 



56. An electrical circuit for delivering high voltage pulses to a mass spectrometer 
comprising: 

a) a pulse power supply; and 

b) a coupling capacitor configured to capacitively couple said pulse power supply to 
1 5 the mass spectrometer. 

57. The electrical circuit of claim 56, further comprising a switch having a source side in 
communication with the pulse power supply and a load side in communication with the 
coupling capacitor, the switch being configured to couple the pulse power supply to the 

20 coupling capacitor when the switch is closed. 

58. The electrical circuit of claim 57, further comprising a bias resistor connected to the load 
side of the switch and through which the pulse power supply is connected to ground when the 
switch is closed. 



59. The electrical circuit of claim 58, further comprising a constant voltage supply which is 
coupled, through a constant voltage supply isolation resistor, to the mass spectrometer together 
with the capacitively coupled pulse power supply, the constant voltage supply isolation resistor 
being configured to limit pulse power supply current toward the constant voltage supply. 



30 
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60. The electrical circuit of claim 59. further comprising an energy storage capacitor placed 
across the pulse power supply and a shunt diode placed across the bias resistor, the shunt diode 
being configured to protect the switch against reverse voltages in the mass spectrometer. 

61. The electrical circuit of claim 60, further comprising: 

a) a pulse power supply isolation resistor which connects the pulse power supply 

and the energy storage capacitor, and is configured to limit current from the 
pulse power supply; 

b) a first load resistoT, which couples the pulse power supply isolation resistor to the 

source side of the switch; 

c) a first Zener diode coupling the load side of the switch to the source side of the 

switch; 

d) a second Zener diode coupling ground to the load side of the switch; 

e) a second load resistor, which couples the load side of the switch to the shunt 

diode, bias resistor, and coupling capacitor; and 

f) a matching resistor, which connects the coupling capacitor to the mass 

spectrometer and to the constant high voltage supply isolation resistor. 
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